he reason for wishing to use electrical signals to represent the output of the respiratory control system is that the traditional measurement, ventilation, is often unsatisfactory for this purpose. The basic problem is that ventilation is too far removed from the central controller, by a number of variable transformation steps, to satisfactorily represent its output. Abnormalities in neuromuscular transmission or muscular function will affect the control output-ventilation relationship. Changes in the mechanical properties of lungs, airways or chest wall will change respiration for a given respiratory drive.'-' Even an alteration in absolute lung volume (ie, end-expiratory level) will, by changing the precontraction length of the inspiratory muscles and the radius of curvature of the diaphragm, affect the resultant tidal volumes even though the same respiratory drive e x i~t s .~ Another problem in studying respiratory control is that the system is a closed servo-loop. When one studies stimuli other than carbon dioxide in a ventilating subject, the change in ventilation causes a change in C0,-H+ which is negatively fed back through the chemoreceptors to the input of the system. This prevents an accurate analysis of the effects of such a non-CO, stimulus. Although it is possible to maintain more or less isocapnic conditions in the steady-state despite increasing ventilation, the technique is not possible during hypoventilation and does nothing to solve the problem of mechanical or lung volume alterations. If the recording of electrical activity of respiratory muscle or nerve could represent respiratory output, it would entirely avoid the mechanical linkage to ventilation and in the presence of muscle paralysis would allow the chemical servo-loop to be opened.
Quantification of Electrical

T
he reason for wishing to use electrical signals to represent the output of the respiratory control system is that the traditional measurement, ventilation, is often unsatisfactory for this purpose. The basic problem is that ventilation is too far removed from the central controller, by a number of variable transformation steps, to satisfactorily represent its output. Abnormalities in neuromuscular transmission or muscular function will affect the control output-ventilation relationship. Changes in the mechanical properties of lungs, airways or chest wall will change respiration for a given respiratory drive.'-' Even an alteration in absolute lung volume (ie, end-expiratory level) will, by changing the precontraction length of the inspiratory muscles and the radius of curvature of the diaphragm, affect the resultant tidal volumes even though the same respiratory drive e x i~t s .~ Another problem in studying respiratory control is that the system is a closed servo-loop. When one studies stimuli other than carbon dioxide in a ventilating subject, the change in ventilation causes a change in C0,-H+ which is negatively fed back through the chemoreceptors to the input of the system. This prevents an accurate analysis of the effects of such a non-CO, stimulus. Although it is possible to maintain more or less isocapnic conditions in the steady-state despite increasing ventilation, the technique is not possible during hypoventilation and does nothing to solve the problem of mechanical or lung volume alterations. If the recording of electrical activity of respiratory muscle or nerve could represent respiratory output, it would entirely avoid the mechanical linkage to ventilation and in the presence of muscle paralysis would allow the chemical servo-loop to be opened.
This report concerns studies in which various processings of electrical activities of phrenic nerve or external intercostal muscles (ICM) were correlated with tidal volumes or airway occlusion pressures. It shows that with the proper type of processing, one can obtain a satisfactory electrical index which appears to be related to changes in respiratory output. The studies were performed in anesthetized cats. Phrenic nerve discharge was recorded from the cut proximal end of a phrenic nerve root (C6) in the neck, the sheath of the nerve having been carefully retracted and the nerve laid on bipolar platinum electrodes in a pool of mineral oil. External ICM activity was recorded by means o f a bipolar platinum needle electrode inserted into the muscle in the 5th or 6th intercostal space. Both types of activity were amplified by A-C amplifiers with 100 and 1,000 Hz low-and high-frequency halfamplitude c u t d s .
Three methods of ~mcesinn the nerve and muscle im--pulses were used: 1 ) Counting of nerve impulses. This was performed on whole nerve and dissected twig preparations by means of an electronic digital counter whose threshold was set just above the noise level. Total count per breath or frequency of impulses at the peak of inspiration were examined.
2 ) The nerve or muscle activitv was accuratelv halfwave rectified and integrated by meks of an integrating digital voltmeter (ie, voltage-to-frequency (V-F) converter plus electronic counter) in episodes of 0.1 sec duration. This method measures the area of a complex multiunit potential and is proportional to the mean deviation of voltage from zero during an episode. A diagram of the apparatus is shown in Figure 1. 3) The rectified activity was also "integrated by means of a resistance-capacitance (R-C) circuit (Fig 2 ) whose time constant was 0.1 sec. This measurement is also approximately the mean voltage deviation from zero over a short period preceding the instant of measurement; it has been termed a "running" or "moving" average.
I will dispose quickly with the counting of nerve impulses. Neither frequency nor total number of irnpulses per breath was satisfactory.8 There are some technical problems with setting the best threshold and with loss of counts because of superimposition of nerve spikes in a whole nerve preparation, but the important reason is physiologic. Nerve cells and fibers vary in size, have proportionally-sized action potentials, and go to motor units of proportional ~i z e .~,~ Thus, the muscle tension will reflect not just the impulse frequency of nerve or muscle, but also the size of the action potentials. In the case of respiration, the many small action potentials early in inspiration may give nearly as large a countrate as the small plus large ones of late inspiration when a much larger muscle mass is being a c t i~a t e d .~ It is thus apparent that the activity we are interested in must include not only the frequency of action potentials, but must weight them for size. Integration, of course, does this: it is summation of all voltage deviations from zero and thus represents the product of the number of action potentials in a given period of time and their mean area. There are several ways that the information obtained by integration can be used: 1 ) All activity during a breath can be summed and expressed as units (or millivolt-sec) per breath.
2) The rate of activity can be determined for each 0.1 see episode of inspiration (Fig 1) and expressed in units per 0.1 sec; the rate used can be that at the peak of inspiration, that at any other time (eg, 300 msec) or the average rate by duration of inspiration.
In earlier studies,e where phrenic activity was compared with the associated tidal volume, it was noted that the peak rate showed a better correlation with tidal volume than did total activity per breath. That result was solely due to the dependence of the latter upon the duration of inspiration, whereas peak rate was independent of inspiratory time.
Our studies were an attempt to c o n h the best method of using integrated electrical activity to represent ~e u r a l output of the control system. Therefore, an independent method of assessing output was deemed necessary for comparison. Rather than tidal volume, that chosen was the airway pressure generated by the respiratory muscles during complete airway occlusion. Under To perform the studies, the trachea was cannulated and a Y-connector located at the open end. One side of the Y could be quickly occluded by clamping a rubber segment; the other side was connected to a strain gauge for recording of airway pressure. In an experimental run, the occlusion was maintained for at least 15 respirations during which increased chemical stimulation led to progressively greater electrical discharge and muscular efforts.
The study showed that when the rate of phrenic activity determined by the V-F method was compared to airway pressure, a linear relationship was found within individual breaths during the whole of inspiration (Fig  3 ) . The peak rate of phrenic activity, ie, that occurring at the end of inspiration, also showed a linear relationship with peak airway occlusion pressure in all 59 experimental runs. The mean correlation coefficient ( r ) was 0.974 + 0.02 SD. An example of three runs in the same cat is given in Figure 4 , peak. The presence or absence of vagal innervation and the breathing of air or oxygen made no difference in the relative relationship.
The average rate of phrenic activity during inspiration also showed a linear relationship to peak airway pressure (Fig 4, average) . The mean correlation coefficient was 0.973 -t 0.034 SD in the 45 runs in which this was studied. In paired comparisons there was no significant difference between peak and average rates in their correlation with peak pressure.
The total activity per breath was linearly related to peak pressure in some runs, but poorly related in others (Fig 4, total) . The average correlation coefficient for 45 runs was 0.674 * 0.48 SD and was significantly worse ( P = <.001) than that of either peak or average rates. The reason for the difference was the effect of inspiratory duration on the measurement. When inspiration was prolonged, eg, after giving additional doses of pentobarbital, greater total phrenic activity occurred without an increase in peak airway pressure whereas peak rate of activity maintained its constant relationship to pressure. External ICM gave similar findings in that the peak rate of activity had a linear relationship to peak airway pressure. However, its mean correlation coefficient for the 40 runs was 0.915 + 0.07 SD which was significantly less ( P = <.001) than for peak phrenic activity. Average rate of ICM activity showed as good a correlation with airway pressure as did peak rate, but again total activity per breath was too dependent upon inspiratory duration to be a good correlate.
Recent studiesQave suggested that occlusion pressures provide a reasonable approximation of isometric conditions for muscular contraction, and therefore reflect muscle force output. If one can accept that changing peak muscle force is an index of changing output of the F~CURE 3. The top three tracings are direct time-based oscilloscopic recordings of four breaths during airway occlusion. Bottom tracing is a simultaneous X-Y recording of airway pressure and integrated phrenic activity for these breaths, and shows a linear relationship between the two at all levels of inspiration.
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. 0 0 respiratory control system, then it appears to follow that peak integrated phrenic nerve activity is also a good index of changing output for that breath. The intercostal EMG appears to be somewhat less accurate and reproducible. Although I showed that the average inspiratory activityl0,l1 correlated well with peak occlusion pressure in this study, I would recommend against its use. The implication is that once a breath starts, it is already programmed from beginning to end. This may often, or even usually, be true, but it is not always so. If a stimulus affects phrenic activity only in the last half of inspiration, as with a sigh, appropriately timed carotid bodylZ or peripheral newel3 stimuli, or vagally mediated reflexes, it would disrupt the relationship between average rate of activity and the peak pressure of the breath. It would, however, not affect the peak rate-pressure relationship.
What about R-C circuit "integration"? This technique uses simple and inexpensive equipment (Fig 2) ; al- There is a linear relationship between pressure and the peak activity, and a similar relationship with average activity, but a poor correlation between total activity and peak airway pressure. It should be clear that it is a peripheral neural output and thus is not necessarily representative of central output alone. It is not quantitative in an absolute sense, for one is sampling only an aliquot of nervous output whether one uses phrenic nerve or muscle. The value obtained is a function not only of output of the neural system, but also of the number of nerve fibers or muscle units being sampled. Thus, the adequacy and constancy of electrical coupling of recording system to nerve and muscle activity becomes very important. Because of these problems, I believe it would be a mistake to think that the technique can be used to compare subjects in absolute terms; or even to follow the same subject on different occasions. Its main value appears to be the measurement of immediate relative changes when one can assure constancy of the electrical coupling of the recording system to the tissue being studied.
